Abstract. Genes involved in the exclusive pairing of homologous chromosomes have been described in several polyploid species but little is known about the activity of these genes in diploids (which have only one dose of each homoeologous genome). Analysis of the meiotic behaviour of species, natural and artificial hybrids and polyploids of Glandularia suggests that, in allopolyploids where homoeologous genomes are in two doses, regulator genes prevent homoeologous pairing. The different meiotic phenotypes in diploid F1 hybrids between Glandularia pulchella and Glandularia incisa strongly suggest that these pairing regulator genes possess an incomplete penetrance when homoeologous genomes are in only one dose. Moreover, the meiotic analysis of natural and artificial F1 hybrids suggests that the genetic constitution of parental species influences the activity of pairing regulator genes and is mainly responsible for variability in the amount of homoeologous pairing observed in diploid hybrids. In Glandularia, the pairing regulator genes originated in South American diploid species. The cytogenetic characteristics of this genus make it a good model to analyse and explore in greater depth the activity of pairing regulator genes at different ploidy levels.
Introduction
Correct segregation of chromosomes during meiosis is vital for the success of polyploid species which contain more than two sets of chromosomes that need to be sorted out during meiosis to produce balanced gametes. Genetic determination of exclusive paring between homologous chromosomes or cytological diploidization is the process by which meiosis in polyploids leads to chromosomally and genetically balanced gametes and has been described in several species of allopolyploid origin (Bhullar et al. 2014; Cifuentes et al. 2010; Jenczewski et al. 2003; Jenczewski and Alix 2004) . Little is known about the activity of genes contributing to the cytological diploidization of polyploids. The best understood is the Ph1 locus of wheat, which suppresses pairing between homoeologous genomes. This gene may have multiple functions during meiosis and all the evidence suggest that Ph1 may behave like a master co-ordinator locus that controls the transcription of meiotic genes. Different authors have reported that Ph1 is involved in the onset of meiosis, has an effect on premeiotic chromosome arrangement, synchronizes chromatin remodelling and contributes to the clustering of the telomeres as a bouquet facilitating homologue recognition. Also, this locus could contribute to the fidelity of synapsis and crossover formation (Cifuentes et al. 2010; Colas et al. 2008; Feldman and Levy 2012; Holm and Wang 1988; Mikhailova et al. 1998; Zhou and Pawlowski 2014) .
There are few studies about the activity of pairing regulator genes in diploids where there is only one set of each homoeologous genome. Glandularia is a useful model genus in which to analyse mechanisms involved in homologous/homoeologous chromosome pairing at different ploidy levels through the study of meiotic behaviour in species, hybrids and polyploids.
Species of Glandularia have a North-South American disjoint distribution (O'Leary and Peralta 2007; Peralta and M ulgura 2011) . Many species, hybrids and polyploids hold great ornamental potential (Gonzalez Roca et al. 2015; Imhof et al. 2013) . South American species are largely diploid (2n ¼ 2x ¼ 10) while those from North American are exclusively hexaploid (2n ¼ 6x ¼ 30) or tetraploid (2n ¼ 4x ¼ 20) (Poggio et al. 1993; Schnack and Covas 1945a,b; Schnack and Gonz alez 1945; Schnack and Solbrig 1953; Schnack et al. 1959; Turner and Powell 2005; Umber 1979 ). Glandularia species typically showed normal pairing and segregation of chromosomes at metaphase I irrespective of the level of ploidy (Arora 1978; Khoshoo and Arora 1969; Poggio et al. 1993; Solbrig et al. 1968) . Schnack and Fehleisen (1955) reported that in the artificial diploid hybrid Glandularia laciniata Â Glandularia peruviana 86% of its chromosomes form bivalents but only 12% of the chromosomes showed quadrivalents in the artificial allotetraploid. In G. peruviana Â Glandularia megapotamica another diploid hybrid, they found all the chromosomes formed bivalents, and only 50% formed quadrivalents in the artificial allopolyploid. These authors postulated that the formation of multivalents in the polyploid was related to the degree of homology of parental species. Solbrig et al. (1968) BBCCDD had 20 bivalents at metaphase I. Based on this information, Solbrig et al. (1968) proposed that G. elegans was an allopolyploid that showed complete diploid-like meiotic behaviour. Similar results were obtained by Khoshoo and Arora (1969) when they analyzed the meiotic behaviour of some species of Verbena, which is, in evolutionary terms, very close to Glandularia. These authors studied an artificial F 1 hybrid of a North American hexaploid and a South American diploid and found that the hexaploid species was an allopolyploid involving three homoeologous genomes that showed complete diploid-like meiotic behaviour. These authors suggested that hexaploid species of Verbena possesses a multivalent suppressor system. All these observations identify homoelogous chromosome pairing in diploid hybrids and the presence of a suppressor system promoting bivalent pairing in allopolyploids.
When Poggio et al. (1993) studied the meiotic behaviour of several natural diploid F1 G. pulchella Â G. incisa, marked differences were observed in the frequency of bivalents, univalents and quiasmata. These hybrids varied from complete to almost no homoeologous chromosome pairing. To explain these results, Poggio et al. (1993) , suggested that some genetic combinations of parental species are more disharmonious than others and postulated that parental species could be polymorphic and/or polytypic for mutations that cause changes in the site of attachment of chromosomes to the nuclear membrane. Variability in chromosome pairing in F1 hybrids has also been noted in other plants too (Jahuar and Joppa, 1996) .
In this work, the meiotic behaviour of natural and artificial hybrids between the diploid species G. incisa and G. pulchella is reported. The aim is to clarify mechanisms involved in the variability of the meiotic chromosome pairing amongst F1 hybrids. The presence and activity of pairing regulator gene/s at diploid level are discussed in the light of these findings.
Methods
All plant material was collected in the Capital Department of the Province of Corrientes, Argentina. G. incisa, G. pulchella and natural hybrids H1-H6 were collected in 1991 and new individuals of G. incisa, G. pulchella and natural hybrids H7, H8 and H9 in 2011. The minimum distance between collected samples was 20 m. Some individuals of G. incisa, G. pulchella and hybrids collected in Corrientes were subsequently cultivated at the 'Instituto Fitotécnico de Santa Catalina' Llavallol, Province of Buenos Aires, Argentina.
Distance between Corrientes collection and the 'Instituto Fitotécnico de Santa Catalina', is $1100 Km and the two localities belong to different Phytogeographic Regions (Cabrera 1994) . Herbarium material was deposited in Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Ciudad Aut onoma de Buenos Aires, Argentina.Taxonomic identification of the species and natural and artificial hybrids was made according morphological criteria in Poggio et al. (1993) . No evidence of later generation of progeny or introgression was detected.
Artificial hybrids
G. pulchella was used as mother because its pistil is shorter than in G. incisa and it was reported previously that crosses are successful when the mother is the species with the shortest pistil (Schnack and Covas 1945a,b) . Styles of G. pulchella were pollinated repeatedly for about 7 days using G. incisa as pollen donor. Most crosses were unsuccessful but three different parental pairings produced fruit. One of these crosses produced seven sibling hybrids (H10-H16). In the other two crosses only one hybrid from each was obtained (H17 and H18). Parental and hybrids of the three artificial crosses were cultivated in different greenhouses, isolated from each other.
Cytological analysis
For meiotic studies, immature flowers were fixed in absolute ethanol: acetic acid (3:1 vol/vol) and the anthers squashed in 2% acetic haematoxylin. Slides were made permanent by freezing with liquid CO 2 , removing the coverslip, dehydrating in absolute alcohol and mounting in Euparal.
Statistical analysis
The differences between species in the number of bivalents, univalents, closed bivalents and quiasmata per cell were tested with analyses of variance. The means of cytogenetic parameters were calculated and multiple contrasts were performed using the LSD Fisher method (Fisher 1932) . These statistical analyses were considered significant if P values were < 0.05. Methods of Sneath and Sokal (1973) were used to estimate similarities between hybrids according to chromosome behaviour in metaphase I. Data Basic Matrix (n Â t matrix) was constructed, their t columns represented the 12 cytogenetical parameters (mean value/cell and maximum and minimum values of bivalents, closed bivalents, univalents and chiasmata) and n rows were the 18 operational taxonomic units (OTU's) constituted by the hybrids. The Similarity Coefficients used were Manhattan, Gower and Euclidean. The resulting OTU Â OTU matrix served as input in the calculation of dendrogram by the unweighted pair-group method, using arithmetic averages. The Cophenetic Correlation Coefficient (r) was computed as a measurement of distortion for each one of the methods used. The statistical analyses were performed using the Infostat programme, FCA, National University of C ordoba (Di Rienzo et al. 2015) .
Results
Figure 1 shows metaphase I cells of G. incisa, G. pulchella and their natural and artificial hybrids. Parental species have five bivalents ( Fig. 1A and B) and the hybrids have a variable number of bivalents (Fig. 1C-F) . In the hybrids, most of the bivalents are heteromorphic. Table 1 presents the chromosome behavior in metaphase I of the parental species and their hybrids. Cytogenetic parameters show significant differences among taxa (bivalents per cell, F 21,1477 ¼ 373, P < 0.0001; univalents per cell F 21,1477 ¼ 386.49, P < 0.0001; closed bivalent per cell F 21,1477 ¼ 62.12, P < 0.0001; chiasmata per cell F 21,1477 ¼ 155.75, P < 0.0001). The contrasts performed with the LSD Fisher method are presented in Table 1 .
The three new natural hybrids collected in the same area and several years later than those collected by Poggio et al. (1993) present significant differences in the frequency of bivalents, univalents, closed bivalents and quiasmata (Table1). Two of these hybrids (H7 and H9) have irregular meiosis with a high number of univalents in metaphase I, while the remaining (H8) shows five bivalents in 100% of the metaphase I (Table1). Nine artificial hybrids were obtained from three crosses. Two of the hybrids (H17 and H18) came from two different crosses and differ significantly in the frequency of bivalents, univalents, closed bivalents and quiasmata from the remaining seven hybrids (sibling, H10-H16) ( Table 1) . These sibling hybrids came from only one cross and show very similar meiotic behaviour.
Parental species, the natural hybrid H8 and the seven sibling hybrids (H10-H16) show five bivalents in 100% of their metaphase I. The rest of natural and artificial hybrids give a frequency of bivalents per cell that range from 1.08 to 4.98. Multivalent configurations were not observed in the 780 parental cells or in the 719 hybrid cells. Dendrograms constructed using a Data Basic Matrix of 12 cytogenetical parameters, eighteen OTUs (hybrids) and three Similarity Coefficients generate the same general structure. Figure 2 shows the dendrogram obtained applying the Gower coefficient, which has the higher Cophenetic Correlation Coefficient of 0.92. Four main groups are observed, A-D. Each of these groups is formed by hybrids with a high level of similarity according to their chromosome behaviour in metaphase I. The group A (H7, H17, H18, H9, H3), comprises hybrids showing a range of bivalents between 2.85 and 3.50. The group B (H13, H14, H16, H10, H15, H12, H11, H8) is formed by hybrids with only five bivalents. The group C (H4, H6, H5, H2) is composed by hybrids with a range of bivalent between 4.05 and 4.98. The group D has only one hybrid (H1) which has the minor value of the percentage of bivalents (Table 1) . The highest distance is between H1 and all the other hybrids.
Discussion
The analysis of the meiotic behaviour of species, hybrids and polyploids of Glandularia made by different authors generated questions about the mechanisms involved in homologous/homoeologous chromosome pairing ( Poggio et al. 1993; Schnack and Covas 1945a,b; Schnack and Gonz alez 1945; Schnack and Solbrig 1953; Schnack et al. 1959; Solbrig et al. 1968) . The homoeologous pairing in interspecific diploid hybrids and the diploidized meiotic behaviour described in polyploid species lead us to propose that Glandularia species have a Ph-like gene, regulating homologous/homoelogous pairing in a similar way than that described for wheat. Genetic determination of exclusive pairing between homologous chromosomes was described in several species of polyploid origin (Triticum aestivum, Triticum turgidum, Festuca arundinacea, Avena sativa, Brassica napus, Gossypium hirsutum and Glandularia barbadense) (Bhullar et al. 2014; Cifuentes et al. 2010; Jenczewski et al. 2003; Jenczewski and Alix 2004) . However little is known about mechanisms of pairing when homoeologous genomes are in only one dose, i.e. in diploid nuclei. In Glandularia, several artificial interspecific diploid hybrids, described by different authors, displayed homoeologous pairing, with the formation of five bivalents in most of the cells. Interestingly, unexpected differences in the frequency of bivalents, univalents and quiasmata were reported by Poggio et al. (1993) in natural diploid hybrids between G. pulchella and G. incisa. The parental species and hybrids reported by these authors grew in sympatry in a small geographical area and they suggested that some genetic combinations of parental species were more disharmonious than others and postulated that parental species would be polymorphic and/or polytypic for mutations affecting chromosome pairing. The meiotic behavior of new natural and artificial F1 hybrids G. pulchella Â G. incisa allowed us to explore in greater depth the nature of the variability in the chromosome pairing in diploid hybrids. Significant differences in the frequency of bivalents, univalents, closed bivalents and quiasmata were detected in the three new natural hybrids collected in the same area and several years later than those collected by Poggio et al. (1993) . Moreover artificial hybrids were performed with the aim to explore different genotypic combinations. Variability in the frequency of bivalents, univalent, closed bivalents and quiasmata were observed in hybrids coming from different crosses. Conversely, sibling hybrids which came from only one cross presented a meiotic behaviour similar between them.
These results generate questions about the causes of variability in the amount of homoeologous pairing in natural and artificial diploid hybrids. The amount of chromosome pairing seemingly depends not just on the degree of chromosome homology. Chromosome size or genome size differences between parental species, as well as cytoplasmic effects and environmental factors influence the amount of chromosome pairing and chiasmata frequency.
Parental species, G incisa and G pulchella, differ significantly in 2C DNA content (Poggio et al. 1992) . This difference in the genome size was not a critical factor for pairing failure, being heteromorphic most of the bivalents in the hybrids. Moreover, it can be assumed that all the hybrids possessed the same degree of structural homoeology, since cytological evidence for structural rearrangements was never found in the parental species. Environmental factors would not explain the variability observed in the meiotic behavior of Glandularia hybrids we studied since they grew in sympatry in a restricted area that had homogeneous ecological conditions. Given these considerations, we suggest that the make-up of the parental genome influences the activity of pairing regulator genes and is thus mainly responsible for the variability in the amount of homoeologous pairing in the hybrids. This conclusion is strongly supported by the meiotic analysis of the seven artificial sibling hybrids. These had the same genotypical combination and showed similar meiotic variability between them, confirming that genotype combination of the parents is the key to understand variability in the chromosome pairing of the F1 hybrids.
The different meiotic phenotypes of the hybrids were grouped according to their chromosome behaviour in metaphase I. The dendrogram obtained using means per cell and maximum and minimum values of cytological parameters (bivalents, closed bivalents, univalents and chiasmata) showed four main clusters that revealed different meiotic phenotypes. Interestingly, each cluster was formed by hybrids with a high level of similarity mainly in their mean number of paired chromosomes in metaphase I. The high Cophenetic Correlation Coefficient obtained (0.92) allow us to infer that the dendrogram is an accurate representation of the true meiotic similarities between hybrids.
Different meiotic phenotypes were also observed in B. napus. The allotetraploid (2n ¼ 38, AACC) shows complete diploid-like meiotic behaviour and produced haploids (AC) (n ¼ 19) with two main phenotypes depending on the variety they were isolated. Some haploids showed 8.1-13.8 univalents at metaphase while others showed only 2.4-5.7 univalents. This demonstrates that A and C genomes are homoeologous and prone to recombine and that the differences in the meiotic behaviour at metaphase I in different haploids reflect differences in pairing between homoeologous chromosomes. On basis of these results, a pairing regulator locus with incomplete penetrance and an effect dosage sensitive was proposed for B. napus (reviewed by Cifuentes et al. 2010; Jenczewski et al. 2003) .
The pairing regulator gene/s that we propose for Glandularia resembles that of the B. napus since both preclude homoeologous pairing when homologous genomes are in two doses in the polyploids and both display incomplete penetrance when homologous genomes are in one dose in the diploids. D   H7  H17  H18  H9  H3  H13  H14  H16  H10  H15  H12  H11  H8  H4  H6  H5 The mechanisms controlling genes that regulate pairing are still unclear and several models have been proposed for the mode of action of Ph1 of wheat Feldman and Levy (2012) published a model where Ph1 affects the pre-meiotic alignment of homologous and homoeologous chromosomes showing that different doses of Ph1 affect the distance between them. In Glandularia Poggio et al. (1993) proposed that genes affecting chromosome distribution in the nuclear membrane could modify the distance between homologous and/or homoeologous genomes. Recently we found evidence for spatial separation of haploid groups of five chromosomes in the hybrids (in preparation), a phenomena well documented in other plant groups (Callimassia et al. 1994; Ding et al. 2014; Ran et al. 2001) . The separation of parental chromosomes potentially restricts homoeologous pairing and favors homologous pairing, resulting in balanced chromosome segregation in allopolyploids. On this basis we propose that pairing in Glandularia diploid hybrids depends on the distance between nuclear site attachment of its two parental genomes and that this distance would depend of the genetic make-up constitution of parental species which would influence the activity of pairing regulator genes.
The molecular and cell biological characterization of Ph1 of wheat lead Cifuentes et al. (2010) to infer its involvement in fundamental mechanisms which could be conserved across kingdoms. In relation to the origin of Ph-like regulators in polyploids, several authors suggested that these loci may already have been present in some diploid progenitor genotypes, while others proposed that they developed after the origin of the polyploidy species (reviewed in Jenczewski and Alix, 2004) .
We suggest that Ph-like regulators present in Glandularia originated in diploid South American species. This proposal is based on morphological, molecular and cytogenetical evidence indicating that the genus Glandularia originated on the South American continent where the species are largely diploid (Lewis and Oliver 1961; Solbrig et al. 1968; Umber 1979; Yuan and Olmstead 2008) . Furthermore, morphological and cytogenetical data obtained by Solbrig et al. (1968) demonstrated that the diploid G. pulchella, studied in the present work, was an ancestor of G. elegans, a North American hexaploid species that showed a completed diploid-like meiotic behaviour.
Conclusions
Analysis of the meiotic behaviour of species, natural and artificial hybrids and polyploids of Glandularia strongly suggests the activity of pairing regulator genes (Ph-like) prevents homoeologous pairing when homologous genomes are in two doses in polyploids. In this work, we postulate, in diploid species, the presence of pairing regulator genes which possess an incomplete penetrance when homologous genomes are presence only once. Moreover, we postulate that influences on the activity of pairing regulator genes determined by the genetic make-up of parental species are mainly responsible for differences in the amount of homoeologous pairing between diploid hybrids. Based on phylogenetic, cytological and morphological studies we suggest that the Ph-like genes of Glandularia originated in South American diploid species. The results obtained in this work, together with the small number of chromosomes and the relative ease with which artificial hybrids and polyploids can be generated in Glandularia suggest this genus is a good model to analyse and explore the activity of pairing regulator genes at different ploidy levels. 
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